Levoglucosan is the 1,6-anhydrosugar of D-glucose formed by pyrolysis of glucans and is found in the environment and industrial waste. Two types of microbial levoglucosan metabolic pathways are known. Although the eukaryotic pathway involving levoglucosan kinase has been well-studied, the bacterial pathway involving levoglucosan dehydrogenase (LGDH) has not been well-investigated. Here, we identified and cloned the lgdh gene from the bacterium Pseudarthrobacter phenanthrenivorans and characterized the recombinant protein. The enzyme exhibited high substrate specificity toward levoglucosan and NAD ؉ for the oxidative reaction and was confirmed to be LGDH. LGDH also showed weak activities (ϳ4%) toward L-sorbose and 1,5-anhydro-D-glucitol. The reverse (reductive) reaction using 3-keto-levoglucosan and NADH exhibited significantly lower K m and higher k cat values than those of the forward reaction. The crystal structures of LGDH in the apo and complex forms with NADH, NADH ؉ levoglucosan, and NADH ؉ L-sorbose revealed that LGDH has a typical fold of Gfo/Idh/ MocA family proteins, similar to those of scyllo-inositol dehydrogenase, aldose-aldose oxidoreductase, 1,5-anhydro-D-fructose reductase, and glucose-fructose oxidoreductase. The crystal structures also disclosed that the active site of LGDH is distinct from those of these enzymes. The LGDH active site extensively recognized the levoglucosan molecule with six hydrogen bonds, and the C3 atom of levoglucosan was closely located to the C4 atom of NADH nicotinamide. Our study is the first molecular characterization of LGDH, providing evidence for C3-specific oxidation and representing a starting point for future biotechnological use of LGDH and levoglucosan-metabolizing bacteria.
Levoglucosan (1,6-anhydro-␤-D-glucose, LG) 3 is formed by pyrolysis of glucans, such as cellulose and starch (1) , and frequently appears in the scientific literature as a tracer of biomass burning in atmospheric aerosol (2, 3) and in snow and ice (4) .
LG and other anhydrosugars are also present in soil, thermochemical processing products of biomass, and municipal waste in considerably large amounts (5) (6) (7) . Therefore, microbial metabolic pathways of anhydrosugars are recently attracting significant research attention in the context of bioconversion into chemicals and biofuels (8, 9) . In the early 1990s, Yasui and coworkers (10, 11) identified two types of microbial metabolic pathways that can introduce LG into the glycolytic pathway using ATP-dependent levoglucosan kinase (EC 2.7.1.-, LGK) or NAD ϩ -dependent levoglucosan dehydrogenase (EC 1.1.1.-, LGDH) (12) as an initial enzyme acting on LG.
LGK was found in yeast and fungi, although LGDH was found in bacteria. Studies on naturally LG-fermenting yeasts and fungi, which exhibit LGK activity (13) , and heterologous expression of the fungal LGK gene in Escherichia coli (14) demonstrated that the microbial enzymes are promising tools for LG utilization for producing ethanol or lipids (9) . Moreover, a recent biochemical and crystallographic study of LGK from Lipomyces starkeyi provided detailed insights into the function and mechanism of the fungal LGK (15) . However, the bacterial LGDH pathway is still obscure because the genes for the metabolic pathway have not yet been identified. In 1994, Nakahara et al. (12) purified and characterized LGDH from Arthrobacter sp. I-552 (designated AspLGDH in this work) and proposed a possible metabolic pathway of the bacteria that consist of three steps ( Fig. 1A) : NAD ϩ -dependent dehydrogenation by LGDH producing 3-keto-levoglucosan (1,6-anhydro-␤-D-ribo-hexopyranos-3-ulose, 3-keto-LG); intramolecular hydrolysis producing 3-keto-D-glucose; and NADH-dependent reduction producing D-glucose. The latter two reactions were proposed to be catalyzed by two enzymes other than LGDH (16) . Although LGDH was suggested to catalyze the synthesis of 3-keto-LG with the conversion of NAD ϩ into NADH and H ϩ , it has not been determined which hydroxyl of LG (C2, C3, or C4) is oxidized. Nakahara et al. (12) suggested that the oxidization occurs at the C3 position based on characterization of the crude product by the UV-visible absorption spectrum under alkaline conditions. However, strong bias of the equilibrium of NAD ϩ -dependent dehydrogenase reaction toward the reduced hydroxyl form (reverse reaction) (17) probably hampered successful isolation and characterization of the reaction product in the previous study. Recently, one of us developed a method to synthesize 3-keto-LG, which can be used for the characterization of LGDH, by exploiting the C3-specific LG oxidation of pyranose oxidase (18) . LG was found to be unstable in aqueous solution, even under neutral conditions, due to spontaneous decomposition by ␤-elimination (18) .
In this study, we identified and cloned the lgdh gene from the phenanthrene-degrading soil bacteria, Pseudarthrobacter phenanthrenivorans Sphe3, which was formerly designated Arthrobacter phenanthrenivorans (19, 20) . From functional and structural characterizations of the heterologously expressed LGDH enzyme, we provided evidence for the C3 oxidation. The crystal structures complexed with NADH and substrates revealed the structural basis for the LG-specific dehydrogenation mechanism.
Results

Enzyme characterization
Through a BLAST search on the bacterial genome database, using the N-terminal amino acid sequences of the 28-kDa subunit-1 (TGNLNVGLIGGGFMGKAHSL) and 21-kDa subunit-2 (TRGGEGPKGPVDVDDEVMTM) of AspLGDH (12), we found several hypothetical proteins: for example, Asphe3_10730 (annotated as putative dehydrogenase) from P. phenanthrenivorans Sphe3 (21); Arth_1911 (oxidoreductase domain protein) from Arthrobacter sp. FB24 (22) ; and G205_19216 (dehydrogenase) from Arthrobacter nitrophenolicus strain SJCon (23) . The three hypothetical proteins show high sequence homology (identity Ͼ68%). The two N-terminal sequences of the two subunits of AspLGDH correspond to residues 3-20 and 230 -251 of Asphe3_10730 (390 amino acids).
The asphe3_10730 gene cloned from the genomic DNA of P. phenanthrenivorans Sphe3 was expressed as a His 6 -tag fusion protein in E. coli. The purified Asphe3_10730 protein migrated in SDS-PAGE as a single protein band with an estimated molecular mass of ϳ42 kDa, in agreement with the theoretical molecular mass of 44,280 Da. The molecular mass of nondenatured Asphe3_10730 protein estimated by calibrated gel-filtration chromatography was 135 kDa, suggesting that it is tetrameric in solution. The result was not consistent with that of AspLGDH (290 kDa by gel filtration) (12) , but crystallographic analysis provided further evidence for tetramer formation, as described below. Because the purified single-polypep-tide protein exhibited LGDH activity, as described below, the Asphe3_10730 protein is designated PpLGDH in this paper.
When PpLGDH was incubated with 20 mM LG and 2 mM NAD ϩ in 50 mM Tris-HCl (pH 8.5) containing 1 mg/ml bovine serum albumin (BSA) as a stabilizer at 40°C, the absorbance at 340 nm (for NADH) increased with specific activity of 17.8 units/mg (Table 1 ). The specific activity of PpLGDH was comparable with that of AspLGDH (13.8 units/mg) with 100 mM LG and 2 mM NAD ϩ at pH 9.0 and 40°C (12) . Table 1 shows specific activities toward various compounds measured by the NAD ϩ reduction, indicating that this enzyme is highly specific for LG. PpLGDH exhibited weak activities (ϳ4% compared with that of LG) toward L-sorbose and 1,5-anhydro-D-glucitol, and activity toward D-xylose was also detectable (1.7%, Fig. 1B ). The activities toward methyl-␣-D-glucopyranoside and D-glucose were barely detectable (ϳ0.5%), and those toward other substrates (listed in Table 1 ) were less than 0.2% that of LG. The substrate specificity of PpLGDH was basically similar to that of AspLGDH (30% for sorbose, 18% for xylose, and 8 -1% for ribose, glucose, galactose, fructose, and arabinose with 100 mM substrate) (12) . PpLGDH was highly specific for the NAD ϩ cosubstrate (Ͻ0.05 units/mg with 2 mM NADP ϩ and 20 mM LG under the standard assay condition), in agreement with the previous study using AspLGDH (12) . PpLGDH was stable up to 60°C during a 30-min incubation and was stable in a pH range between 5.0 and 8.5 at 40°C for 30 min, and the apparent optimal temperature was 60°C ( Fig. 2 , A-C). The optimal temperature of AspLGDH was reported to be 50°C (12) .
When the LGDH activity was measured under the standard condition (20 mM LG and 2 mM NAD ϩ , Table 1 ), the reaction quickly reached equilibrium after 0.37% of the substrate (LG) was oxidized. Therefore, we employed pseudo-first-order curve-fitting to accurately measure the velocity as it slowed down at an early stage of the reaction (see "Experimental procedures"). When we measured equilibrium of the LGDH reaction with 4, 10, 20, and 40 mM LG and 2 mM NAD ϩ at pH 8.5 and 40°C, the equilibrium constant (K eq ϭ ([product]
showing that the equilibrium is highly biased toward the reverse (reducing) reaction. The K eq value of the LGDH reaction was 23-fold smaller than that of the reaction of NADH-de- Activities for 20 mM substrate were measured in 2 mM NAD ϩ , 1 mg/ml BSA, and 50 mM Tris-HCl (pH 8.5) at 40°C. Numbers in parentheses indicate relative activity compared with that of LG (100%). The enzyme showed no significant activity (Ͻ0.2% compared with that of LG) toward scyllo-inositol, L-glucose, D-galactosan (1,6-anhydro-␤-D-galactopyranose), sedoheptulosan (2,7-anhydro-␤-D-altro-heptulopyranose), 1,5-anhydro-D-fructose, D-ribose, D-allose, D-fructose, D-galactose, D-mannose, L-arabinose, L-rhamnose, 1,5-anhydro-D-mannitol, sorbitol (D-glucitol), xylitol, dulcitol (galactitol), erythritol, ␣-D-glucose 1-phosphate, cellobiose, sucrose, lactose, maltose, and trehalose. NADH-dependent reductase activities (reverse reaction) toward 1,5-anhydro-D-fructose and D-glucono-1,5-lactone were also not detected.
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Specific activity units/mg Characterization and structure of levoglucosan dehydrogenase pendent L-lactate dehydrogenase, which is one of the most studied dehydrogenases, at 25°C (K eq ϭ 2.76 ϫ 10 Ϫ12 M) (24) . Fig. 2D shows the s-v plot of PpLGDH for LG (forward reaction). The K m and k cat values were 7.5 Ϯ 0.6 mM and 4.3 Ϯ 0.1 s Ϫ1 , respectively, at pH 8.5 and 40°C. The K m value was smaller than that reported for AspLGDH (14 mM) (12) . It is noteworthy that the K m values of LGK determined in previous studies were significantly higher (69 -119 mM) (15) . The apparent K m value of PpLGDH for NAD ϩ was 0.34 Ϯ 0.08 mM with 50 mM LG at pH 9.0 and 40°C (data not shown) and was also comparable with that of AspLGDH (K m for NAD ϩ ϭ 0.47 mM at pH 9.0 and 40°C) (12) .
We also tried to identify the oxidized reaction product from LG. In a 1 H NMR spectrum of the deionized reaction mixture, several signals corresponding to 3-keto-LG were observed (data not shown). However, overlapping signals of the abundant LG hampered complete identification of the reaction product. Instead, we found that PpLGDH efficiently catalyzed NADHdependent reduction (reverse reaction) of 3-keto-LG, which was previously synthesized (18) . A kinetic analysis showed that the reverse reaction activity was significantly higher than that of the forward reaction, providing strong evidence for the C3 position-specific reaction by LGDH. The s-v plot exhibited typical uncompetitive substrate inhibition, which is often observed for NAD(P)H-dependent dehydrogenases ( Fig. 2E) (17) . The K m , k cat , and K i values for the reverse reaction were 0.48 Ϯ 0.07 mM, 26 Ϯ 2 s Ϫ1 , and 9.1 Ϯ 1.7 mM, respectively, at pH 7.0 and 40°C.
Under all conditions we tested, no sigmoidal kinetics was observed. The pH profiles of the forward ( Fig. 2F ) and reverse ( Fig. 2G ) reactions indicated that PpLGDH prefers the alkaline and slightly acidic pH conditions for those reactions, respectively. Such pH profiles are also typical for NAD(P)H-dependent dehydrogenases, which use the oxidoreductase reaction between NAD(P) ϩ and NAD(P)H ϩ H ϩ and have an acid/base catalyst residue with neutral pK a (typically His) (17, 25) . The pK a values estimated from the pH profiles (7.6 Ϯ 0.1 for the forward reaction and 7.1 Ϯ 0.2 for the reverse reaction) suggested that the acid/base catalysis of PpLGDH occurs at His. Additionally, significant reduction in the reverse reaction activity at acidic pH (apparent pK a ϭ 5.7 Ϯ 0.2 by the curve fitting in Fig. 2G ) suggested involvement of a second ionizable group in the catalysis.
Crystallography and overall structure
The crystal structures of PpLGDH in apo form, binary complex form with NADH, and ternary complex forms with NADH ϩ LG and NADH ϩ L-sorbose were determined at 1.8 -2.4 Å resolutions ( Table 2 ). The tetragonal crystal (space group P4 3 2 1 2) of the apo form and the monoclinic crystals (space group P2 1 ) of the complex forms contain two and four subunits in the asymmetric unit, respectively. The four subunits in the complex forms and that formed by a crystallographic 2-fold axis in the apo crystal constitute a tetramer related by three 2-fold axes (222 point group symmetry, Fig. 3A ). The four chains in the asymmetric unit of the complex structures showed no significant differences; the root mean square deviations (r.m.s.d.) for the C␣ atoms were less than 0.92 Å for all of the chain pairs by applying no distance cutoff. The two chains in the apo form crystal also had virtually the same structures (C␣ r.m.s.d. ϭ 0.15 Å with 2.0 Å distant cutoff), and a significant deviation was only observed at a functionally irrelevant disordered loop region (residues 223-238, described below). A molecular interface analysis using the PISA server (26) indicated that the tetramer is the most likely state in solution, in accordance with the gel filtration result described above. The interface areas between A-B (or C-D), A-C (or B-D), and A-D (or B-C) chains are ϳ1,780, 1,560, and 670 Å 2 , respectively, and the total estimated ⌬G int value of the tetramer formation (26) is approximately Ϫ100 kcal/mol. The virtually symmetric quaternary structure of PpLGDH and the simple Michaelis-Menten-type kinetics (Fig. 2 , D and E) indicate that it is not an allosteric enzyme.
The monomer has a typical two-domain structure of the glucose-fructose oxidoreductase/inositol dehydrogenase/ rhizopine catabolism protein (Gfo/Idh/MocA) family ( Fig. 3B ) (27) . The N-terminal nucleotide-binding domain (before Ala-130) adopts a Rossmann fold and consists of a ␤-sheet with six strands, flanking five ␣-helices, and one 3 10 -helix. The C-terminal substrate-binding ␣/␤ domain (after Phe-131) consists of a nine-stranded ␤-sheet, six ␣-helices, and four 3 10 -helices. The long ␤-sheet in the C-terminal domain caps the other structural elements in the monomer and mainly contributes to the tetramer interface between A-C (and B-D) chains (Fig. 3A) . 
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is located away from the active site and appears to be functionally irrelevant. A "swapped" loop, which partly forms the active site of the neighboring subunit (residues 316 -334, marked in magenta circles in Fig. 3 ), is present (described below). The N-terminal sequence of the 21-kDa fragment of AspLGDH corresponds to the C-terminal half of the disordered region and subsequent region (residues 230 -251), suggesting that AspL-GDH was purified as a nicked protein that had been cleaved by proteolysis at the flexible region. Table 3 shows the result of a structural similarity search using the Dali server (28) . Five out of the top six hits were entries of bacterial hypothetical proteins (putative oxidoreductases), which were determined by structural genomics projects. The third hit was scyllo-inositol dehydrogenase (sIDH) from Paracoccus laeviglucosivorans (PlsIDH), whose crystal structure was determined very recently (29) . PlsIDH was originally isolated as a catabolic enzyme of L-glucose utilization by P. laeviglucosivorans (30, 31) . PlsIDH exhibits both sIDH (K m ϭ 3.7 Characterization and structure of levoglucosan dehydrogenase mM and k cat ϭ 11.8 s Ϫ1 ) and L-glucose dehydrogenase (K m ϭ 59.7 mM and k cat ϭ 17.3 s Ϫ1 ) activities (31) . Subsequent hits were 1,5-anhydro-D-fructose (1,5-AF) reductase (AFR) from Sinorhizobium morelense (SmoAFR) (32), aldose-aldose oxidoreductase (AAOR) from Caulobacter crescentus (CcAAOR) (33), glucose-fructose oxidoreductase (GFOR) from Zymomonas mobilis (ZmGFOR) (34) , and AFR from Sinorhizobium meliloti (35) . However, PpLGDH did not exhibit the activities of sIDH (oxidation of scyllo-inositol and L-glucose), AFR (reduction of 1,5-AF to 1,5-anhydro-D-mannitol), AAOR (both of oxidation and reduction of aldose monosaccharides), and GFOR (coupled reactions of oxidation of D-glucose to D-glucono-1,5-lactone and reduction of D-fructose to D-sorbitol) ( Table 1) . PlsIDH is an NADH-specific dehydrogenase, whereas the other structural homologs with known functions (AFRs, AAOR, and GFOR) are all NADPH-specific oxidoreductases. The tetramer assembly of LGDH is very similar to those of PlsIDH (29) and ZmGFOR (34), whereas AFRs, CcAAOR, and other Gfo/Idh/MocA family proteins commonly have a dimer structure (27) .
Active site
In the NADH-only complex structure of PpLGDH, the electron density of NADH was unambiguously observed for the entire molecule (Fig. 4A ). The nicotinamide ribose and adenine The conformation and protein interactions of the nicotinamide group, its ribose, and the pyrophosphate group are similar to those found in PlsIDH, AAOR, AFRs, and GFOR (29, 32, 33, 36) . The conformation of the adenosine moiety (anti-C2Ј-endo) is similar to the NADH-dependent PlsIDH, although that is clearly different from the NADPH-dependent oxidoreductases (AAOR, AFR, and GFOR), in which the ribose moiety was in a syn-C3Ј-endo conformation. These NADPH-dependent oxidoreductases have a positively charged binding pocket for the 2Ј-phosphate group formed by the side chains of Ser, Thr, and Lys (or Arg). In PpLGDH, the side chain of Glu-43 forms bifurcated hydrogen bonds with the hydroxyls of ribose, in accordance with the sharp cosubstrate specificity toward NAD ϩ over NADP ϩ , as described above.
In the NADH ϩ LG complex structure, the electron density of NADH was relatively ambiguous, especially for the nicotinamide moiety, and LG was observed in chains A and D ( Table  2 ). As shown in Fig. 4B , electron density of LG in chain A was unambiguously observed. The three hydroxyl groups (C2, C3, and C4) and the bicyclic group were clearly seen. The LG molecule adopts a conformation between B 3, O and 1 S 3 , and the three hydroxyl groups are all equatorial. The Cremer-Pople parameters (37) of the LG molecules in the A/D chains are ϭ 194.3/190.2°, ϭ 94.7/93.3°, and Q ϭ 0.85/0.85. The C2, C3, and C4 hydroxyl groups and the O6 atom form hydrogen bonds with the side chains of Tyr-133, Lys-10, and His-193, Arg-176 and Asp-189, and Gln-163, respectively. When the nicotinamide group of the NADH complex structure was superimposed (thin gray lines in Fig. 4B ), the C4 atom is located near the hydrogen atom side of C3 (C4 -C3 atom distance ϭ 2.3 Å). This structure gives a strong support for a C3-specific dehydrogenase reaction.
The L-sorbose molecule bound to PpLGDH adopts the ␣-Lsorbopyranose form (Figs. 1B and 4C) . The side chains of Arg-176 and Asp-139 form hydrogen bonds with the C1 and C3 hydroxyls, and the side chain of Tyr-133 forms a hydrogen bond with the C5 hydroxyl. The C4 hydroxyl forms hydrogen bonds with the side chain of His-193. The distance between the C4 atom of L-sorbose and the C4 atom of superimposed NADH molecule is 2.2 Å, suggesting that the dehydrogenase reaction a The number of aligned residues is shown. b Sequence identity is shown. c The uncharacterized protein whose structure was determined by structural genomics projects is shown.
Characterization and structure of levoglucosan dehydrogenase toward L-sorbose occurs at the C4 hydroxyl, and the product is likely 4-keto-L-sorbose.
Discussion
Structural comparison with other oxidoreductases
Gfo/Idh/MocA family enzymes share a similar overall threedimensional fold, although their sequence identity between most of the members is very low, and the extent of different function is large (27) . Here, we also found that several monosaccharide oxidoreductases exhibit significant structural similarity with LGDH, but they show low sequence homology (23-38% identity). Fig. 5A shows a phylogenetic tree of PpLGDH and its homologs. PpLGDH and its close uncharacterized homologs (G205_19216 and Arth_1911), AFRs, and two monosaccharide-specific oxidoreductases (CcAAOR and ZmGFOR) form separate clades, whereas PlsIDH and other uncharacterized structural homologs do not form clear clades.
To investigate characteristic features for substrate recognition, the active sites of these homologs were compared (Fig. 6 ). Fig. 6, A and B, shows superimposition of the PpLGDH structure with the structures of PlsIDH (scyllo-inosose complex and L-glucono-1,5-lactone complex), and Fig. 5B shows partial amino acid sequence alignment of PpLGDH and its homologs. A long "swapped" loop (residues 303-321 indicated by the magenta box in Fig. 5B) , which extends to the neighboring subunit, is a characteristic feature of PlsIDH (29) . The loop is directly involved in the substrate recognition (Fig. 6A ). His-318 in the swapped loop of PlsIDH forms a hydrogen bond with O6 hydroxyl of scyllo-inosose (oxidized product of scyllo-inositol) and O3 hydroxyl of L-glucono-1,5-lactone (oxidized product of L-glucose, Fig. 6B ). In the L-glucono-1,5-lactone complex, the side chains of Arg-178 and Asp-191 displace to avoid the protruding C6 hydroxyl (shown as blue arrows in Fig. 6B ). In PpLGDH, there is a corresponding loop, which partly forms the active site of a neighboring subunit (shown as magenta in Fig.  6A ). However, Leu-331 is present in PpLGDH at the corresponding position of His-318 in PlsIDH and appears to prevent binding of the sIDH substrates (Fig. 6B) . In PpLGDH, the side chains of Arg-176 and Asp-189 are slightly displaced to accommodate the protruding C1 hydroxyl of L-sorbose (Fig. 4C ) compared with the LG complex (Fig. 4B ). Fig. 6 , C and D, shows superimpositions of the PpLGDH structure (LG complex) with the structures of SmoAFR (acetate complex) and CcAAOR (D-sorbitol complex and D-xylose complex). Lys-104, Arg-176, and Asp-189 of PpLGDH are conserved in these enzymes, whereas other residues are not. His-193 is conserved in PlsIDH and AFRs, and the corresponding residue is suggested to be involved in the acid/base catalysis (29, 32) . The corresponding residue in CcAAOR is Tyr-189 (Fig. 6D) . The Lys-Tyr dyad in CcAAOR and ZmGFOR was suggested to be essential for the catalysis, but the mutual role of these residues is still unclear (33) . The presence of Tyr-133 and Gln-163, which play critical roles in binding of the C2 hydroxyl and O6 atom of LG, appears to be a characteristic of LGDH. In PlsIDH, Glu-165 is present at the corresponding position of Gln-163 in PpLGDH (Fig. 6B) .
From the multiple sequence alignment (Fig. 5B) , the two close homologs from Pseudarthrobacter and Arthrobacter spe-cies (Arth_1911 and G205_19216) and two putative proteins from Kribbella flavida (PDB code 4H3V) and Klebsiella pneumoniae (PDB code 4GQA) were suggested to have LGDH activity because both residues corresponding to Tyr-133 and Gln-163 are conserved. From the His residue conservation in the swapped loop, putative proteins from Rhizobium etli (PDB code 4FB5), Sinorhizobium meliloti (PDB code 3V5N), and Pseudomonas syringae (PDB code 3DTY) probably have sIDH activity.
Reaction mechanism and substrate recognition of LGDH
From the biochemical and structural analyses, we concluded that the reversible dehydrogenase reactions of LGDH are C3-specific. In the forward (oxidative) reaction, hydride transfer must occur from the C3 hydrogen of LG to the pro-R side of the C4 atom of NAD ϩ (Fig. 4B) . His-193 is the most likely candidate of the proton donor for the O3 atom by considering the apparent pK a values estimated by the pH profiles of the forward and reverse reactions. As to candidates of the second ionizable group of the reverse reaction (pK a ϭ 5.7), Asp-189 and Glu-103 were found in the active site (Fig. 4, A and B) . The presence of the nearby Arg-176 residue would reduce the pK a of Asp-189; thus, we suggest that Glu-103 is the most likely candidate for the second ionizable group involved in the reverse reaction. The protonation of Glu-103 probably weakens the fixation of the amide group of NADH and reduces the activity.
We also determined the complex structure with the secondbest substrate, L-sorbose (4.1% activity compared with that of LG). The three hydroxyl groups (C3, C4, and C5) of ␣-L-sorbopyranose are recognized by LGDH in a similar manner to the C2, C3, and C4 hydroxyl groups of LG. The third and fourth preferred substrates (1,5-anhydro-D-glucitol and D-xylose) also have a similar structural feature; three hydroxyl groups on a pyranose ring have a down-up-down (all equatorial) configuration. In addition, the absence of a hydroxyl or a methoxyl group at the C1 position is a key feature for the substrates of LGDH ( Table 1 ). As shown in Figs. 4C and 5B, the hydrophobic interaction and steric hindrance by the side chains of Leu-331 and Tyr-161 are responsible for limiting the specificity at the C1 (LG) and C6 (L-sorbose) atoms.
It has been shown that LG predominantly adopts the inverted chair ( 1 C 4 ) ring conformations, in which the three hydroxyl groups are axial and form an intramolecular hydrogen-bonding interaction in the gas phase (38) and in crystals (39) . The all-axial 1 C 4 conformation was also observed in the LG molecule bound to LGK (15) . Therefore, the all-equatorial B 3, O -1 S 3 conformation observed in LGDH is likely a high-energy conformation. However, LGDH exhibited a significantly lower K m value than that of LGK. This result is probably because the LG molecule is stabilized by more extensive interactions in the active site of LGDH, such as hydrogen bonds, hydrophobic interactions, and shape complementarity.
Possible bacterial degradation pathway of LG
In this study, we demonstrated that LGDH produces 3-keto-LG. Nakahara et al. (12) suggested that the degradation steps by Arthrobacter sp. I-552 subsequently proceed through two enzy-Characterization and structure of levoglucosan dehydrogenase matic reactions: intramolecular hydrolysis of 3-keto-LG to 3-keto-glucose and NADH-dependent reduction to D-glucose. Involvement of the additional enzymes in the course of glucose formation from LG was demonstrated by anion-exchange chromatogram of the crude extract of the bacteria (16) . In addition to the LGDH-containing fraction, at least two separate fractions were required to reconstruct the full glucose-forming activity. Recently, Iwazaki et al. (40) reported isolation of LGutilizing thermophilic bacteria (Bacillus smithii and Parageobacillus thermoglucosidasius strains). B. smithii S-2701M showed the best growth on LG, and anion-exchange chromatography of its crude extract exhibited a similar separation pattern of fractions containing the LGDH activity and the LGDH-dependent glucose-forming activity. In addition to Pseudarthrobacter and Arthrobacter species (Actinobacteria), the amino acid sequence alignment with the putative enzymes (Fig. 5B) suggested that LGDH is also present in K. flavida (Actinobacteria) and K. pneumoniae (Gammaproteobacteria). Further studies are required to identify the other enzymes for the glucose-forming activity and to explore distribution of possible LG-utilizing metabolic pathways among wide arrays of bacteria.
Concluding remarks
Here, we identified and cloned the LGDH gene from bacteria.
LGDH was highly specific to LG and could be efficiently produced by the heterologous expression system of E. coli. Therefore, the enzyme has a potential for developing a novel fluorometric system (41) to detect LG in the environment. Moreover, understanding the molecular basis of the bacterial assimilation pathway will contribute to future developments in microbial bioconversion of LG that is present in industrial waste.
Experimental procedures
Materials
LG and L-glucose were purchased from Sigma. 1,5-Anhydro-D-fructose and 1,5-anhydro-D-mannitol were purchased from 
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Carbosynth (Compton, Berkshire, UK). L-Sorbose was purchased from Nacalai Tesque (Kyoto, Japan). scyllo-Inositol was purchased from Tokyo Chemical Industry (Tokyo, Japan). 3-Keto-LG was enzymatically synthesized, as described previously (18) . Other chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan). P. phenanthrenivorans Sphe3 (16027 T ) was purchased from RIKEN BRC (Tsukuba, Japan).
Gene cloning and protein preparation
The genomic DNA of P. phenanthrenivorans Sphe3 was prepared using Wizard Genomic DNA purification kit (Promega, WI). The gene encoding Asphe3_10730 (GenBank TM accession number ADX72256) was amplified from the genomic DNA via a PCR performed using Eazy-A Taq polymerase (Agilent Technologies, Santa Clara, CA). The oligonucleotide primers 5Ј-CATATGCAGAACCTCAACGTCG-3Ј and 5Ј-AAGCTTTC-ACGCGCTGATCTGCG-3Ј were used. The amplified product was ligated into the pGEM-T easy vector (Promega), transformed into E. coli JM109, and detected using blue/white screening. Sequence of the insert was confirmed by DNA sequencing. The plasmid was extracted and then digested with NdeI and HindIII. The insert fragment was purified by agarose gel extraction after electrophoresis, ligated into the expression vector pET28a (Novagen, Madison, WI) using ligation high (Toyobo, Osaka, Japan), and introduced into E. coli DH5␣. E. coli C43 (DE3) harboring the expression plasmid was used to produce recombinant protein with an N-terminal His 6 tag. The cells were grown at 37°C in 1.5 liter of Luria-Bertani medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) containing 50 g/ml kanamycin until the absorbance reached 0.6 at 600 nm. The expression was then induced using 0.1 mM isopropyl ␤-Dthiogalactopyranoside and continued at 30°C for 12 h. The cells were harvested via centrifugation at 7,300 ϫ g for 10 min and suspended in 25 mM Tris-HCl buffer (pH 7.5). The cells were disrupted via sonication (Branson Sonifier250D; Branson Ultrasonics Division of Emerson Japan, Kanagawa, Japan), and the supernatant was collected via centrifugation at 12,000 ϫ g for 45 min. The protein was purified to homogeneity using nickel-affinity chromatography (cOmplete His tag purification resin, Roche Diagnostics, Basel, Switzerland) and gel-filtration chromatography (HiLoad 16/60 Superdex 200 pg column, GE Healthcare, Buckinghamshire, UK). Solutions of 25 and 500 mM imidazole in 25 mM Tris-HCl (pH 7.5) were used for the wash and elution buffers for the nickel-affinity chromatography, respectively. A solution of 500 mM NaCl in 25 mM Tris-HCl (pH 7.5) was used for gel-filtration chromatography, and the relative molecular mass of the protein was determined using molecular standards of thyroglobulin (669 kDa), ␥-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). The protein solution was desalted and concentrated using Vivaspin Turbo 15, MWCO 10,000 (Sartorius, Göttingen, Germany). The protein concentrations were determined using the BCA protein assay kit (ThermoFisher Scientific, Waltham, MA) with BSA as a standard.
Enzyme assay and kinetic parameter determination
The increase (forward reaction) or decrease (reverse reaction) in NADH was monitored by the absorbance at 340 nm using a temperature-controlled microplate reader (Synergy H1, BioTek, Winooski, VT, or Multiscan Go, ThermoFisher Scientific). The standard assay conditions for the forward reaction were 20 mM (or 50 -100 mM) substrate (e.g. LG), 2 mM NAD ϩ , and 1 mg/ml BSA in 50 mM Tris-HCl buffer (pH 8.5) at 40°C. We normally used the assay condition with 20 mM substrate because high substrate concentration (100 mM), which was used by Nakahara et al. (12) , caused various effects on the solution depending on substrates. An appropriate concentration of enzyme was added to start the reaction. For Synergy H1 and Multiscan Go microplate readers, 96-and 384-well plates were used, and volumes of the assay solution were 200 and 100 l per well, respectively. Because of the strong equilibrium bias of the NAD ϩ -dependent dehydrogenase reaction toward the reduced hydroxyl form, an increase of A 340 for NADH slowed down immediately after starting the reaction when the activity was high. In such cases, the initial velocity (ϭ A ∞ k) was calculated by fitting the data to the following equation (pseudo-first-order expression): A t ϭ A ∞ (1 Ϫ e Ϫkt ) ϩ offset. One unit was defined as the amount of enzyme that reduces 1 mol of NAD ϩ per min. The standard assay conditions for the reverse reaction were 2 mM substrate (e.g. 3-keto-LG), 0.2 mM NADH, and 1 mg/ml BSA in 50 mM HEPES-NaOH buffer (pH 7.0) at 40°C.
The thermal and pH stabilities were evaluated by measuring the residual activity of the forward reaction under the standard assay condition (100 mM LG) after incubation of the enzyme at 30 -70°C for 30 min in 25 mM potassium-phosphate buffer (pH 7.5) and at various pH values at 40°C for 30 min, respectively. For pH stability, the following 50 mM buffers were used: sodium acetate (pH 3.0 -5.0), MES-NaOH (pH 6.0), MOPS-NaOH (pH 7.0), Tris-HCl (pH 8.0 -9.0), CHES-NaOH (pH 9.0 -10.0), and CAPS-NaOH (pH 11.0). The effect of temperature on the activity was evaluated by measuring the forward reaction activity under the standard assay condition (50 mM LG) by changing the temperature between 30 and 70°C. The effect of pH on the forward (50 mM substrate) and reverse reaction activities was determined under standard conditions by substituting the buffer with the following 50 mM buffers: MES-NaOH (pH 5.5-6.5), HEPES-NaOH (pH 6.5-8.0), and Tris-HCl (pH 8.0 -9.0). Of note, we adopted the assay condition with 50 -100 mM LG for the purpose of comparing the pH and thermal features of PpLGDH with those of AspLGDH (12) .
Crystallography
For crystallization, buffer of the protein solution was changed to 25 mM Tris-HCl (pH 7.5) using Amicon Ultra-4 centrifugal filter devices, 30,000 MWCO (Millipore, Billerica, MA). Crystals of PpLGDH were grown at 20°C using the hanging drop vapor diffusion method by mixing 0.5 l of a 10 mg/ml protein solution with an equal volume of a reservoir solution. Apo crystals were grown using a reservoir solution containing 0.1 M sodium cacodylate (pH 6.5) and 1.25 M ammonium sulfate and cryoprotected by a reservoir solution supplemented with 20% glycerol. Cocrystals were grown using a basal reservoir Characterization and structure of levoglucosan dehydrogenase solution containing 0.1 M MES-NaOH (pH 6.0), 5% PEG3000, and 30% PEG200. The basal reservoir solution was supplemented with 20 mM NADH (NADH complex), 20 mM NADH, and 100 mM LG (NADH ϩ LG), or 20 mM NADH and 100 mM L-sorbose (NADH ϩ L-sorbose) for growth of cocrystals. The crystals were flash-cooled by dipping into liquid nitrogen. X-ray diffraction data were collected at 100 K on beamlines at the Photon Factory of the High Energy Accelerator Research Organization KEK, Tsukuba, Japan) and SPring-8 (Hyogo, Japan). The data set was processed using HKL2000 (42) . The initial phase was determined by the molecular replacement method using Molrep (43) , and the structure of a putative oxidoreductase protein from K. flavida (PDB code 4H3V) was used as a search model. Manual model building and refinement were carried out using Coot (44) and Refmac5 (45) . Molecular graphic images were prepared using PyMOL (Schrödinger, LLC, New York). 
